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A B S T R A C T   

Haemostasis stops bleeding at the site of vascular injury and maintains the integrity of blood vessels through clot 
formation. This regulated physiological process consists of complex interactions between endothelial cells, 
platelets, von Willebrand factor and coagulation factors. Haemostasis is initiated by a damaged vessel wall, 
followed with a rapid adhesion, activation and aggregation of platelets to the exposed subendothelial extra
cellular matrix. At the same time, coagulation factors aggregate on the procoagulant surface of activated platelets 
to consolidate the platelet plug by forming a mesh of cross-linked fibrin. Platelets and coagulation mutually 
influence each other and there are strong indications that, thanks to the interplay between platelets and coag
ulation, haemostasis is far more effective than the two processes separately. Clinically this is relevant because 
impaired interaction between platelets and coagulation may result in bleeding complications, while excessive 
platelet-coagulation interaction induces a high thrombotic risk. In this review, platelets, coagulation factors and 
the complex interaction between them will be discussed in detail.   

1. The role of platelets in haemostasis 

Resting circulating platelets have a discoid shape and do not interact 
with the intact vessel wall. They are present in high numbers (150-400 
billion per liter blood) and continuously assess their environment using 
a wide array of cell surface receptors and adhesion molecules. Of these, 
the most abundant are the adhesion and signaling integrin molecules, 
such as αIIbβ3, αVβ3 and α5β1, α6β1 and α2β1. Furthermore, leucine- 
rich glycoproteins such as the GPIb-IX-V complex, G protein-coupled 
receptors such as PAR-1, PAR-4, P2X1, P2Y1 and P2Y12 and prosta
glandin receptors such as Thromboxane receptor (TP) and prostacyclin 
receptor (IP), and immunoreceptors such as GPVI and CLEC-2 play 
important roles in platelet activation and aggregation. Platelets also 
contain two unique organelles, α-granules and dense bodies, that 
contribute to these processes [1]. The α-granules contain membrane 
bound receptors (αIIbβ3, GPVI, GPIb-IX-V complex, P-selectin and 
others), coagulation factors (including von Willebrand factor (VWF), 
factor (F)V, FVIII, protein S, antithrombin (AT), plasminogen/plasmin 
and protein inhibitors such as C1-inhibitor, protease nexin 1 and 2 (PN1 
and PN2)), cytokines and chemokines, growth factors, microbicidal 
proteins and immune mediators which will be released upon activation 
[2]. Dense granules, with CD63, LAMP-2, GPIb and αIIbβ3 on their 
membrane [3], contain high concentrations of adenine nucleotides 

(ADP/ATP ratio > 1.7), serotonin, histamine, Ca2+, Mg2+, K+, pyro
phosphate and polyphosphate (PolyP) [4]. 

Platelet adhesion to the exposed subendothelial matrix is a multistep 
process depending on the local shear rate of blood [5]. At venous flow 
(low shear rates, 100-1000 s-1), platelets can interact with collagen (via 
GPVI and α2β1), fibronectin (via integrin αIIbβ3, αVβ3 and α5β1) and 
laminin (via α6β1) present in the extracellular matrix [6–8]. At arterial 
flow (high shear rates, 1000-4000 s-1), the initial reversible adhesion 
absolutely depends on the interaction between platelet GPIbα and VWF 
[9]. Exposed collagen captures VWF from circulating blood, and sub
sequently, VWF unfolds to expose the A1 domain which is a binding site 
for the platelet GPIb-IX-V complex [10]. Although VWF-GPIb in
teractions can resist high shear, the binding is transient and, as a result, 
fast-flowing platelets will slow down and roll over the vessel wall, 
allowing interaction of other platelet receptors with matrix proteins 
leading to stable platelet adhesion (Fig. 1 part 1) [11]. 

Initial platelet activation by VWF-GPIbα interaction is enhanced by 
binding of collagen to platelet GPVI receptors [12]. This interaction 
induces strong signaling via FcRγ, immunoreceptor tyrosine-based 
activation motif (ITAM), Src kinases (Fyn and Lyn) and Syk tyrosine 
kinase resulting in activated phospholipase Cγ (PLCγ) [13–15]. Subse
quently, PLCγ hydrolyzes phosphatidylinositol-4,5-bisphosphate (PIP2) 
in inositol trisphosphate (IP3) and 1,2-diacylglycerol (DAG). IP3 binds 
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to the dense tubular system (DTS) and allows the efflux of Ca2+ from the 
DTS to the cytoplasm. Membrane bound DAG, together with Ca2+, ac
tivates the protein kinase C (PKC) resulting in integrin activation, 
platelet spreading and granules secretion [11]. Although GPVI plays a 
crucial role in collagen-dependent thrombus formation [14,16], it shows 

a low affinity for collagen. The adhesion of platelets on collagen can be 
considerably enhanced by interactions with another collagen receptor, 
integrin α2β1. Weak signals through GPIb, GPVI or via interactions of 
positive feedback mediators ADP and thromboxane A2 (TxA2) with 
P2Y1/P2Y12 and TP, respectively, change α2β1 from a low-affinity to a 

Fig. 1. Interplay between platelets and coagulation. Part 1: Coagulation initiation and platelet activation. Part 2: Platelet-based amplification and propagation of 
coagulation and platelet activation and aggregation. Part 3: Inhibition of coagulation and platelet activation. 

Y. Sang et al.                                                                                                                                                                                                                                    



Blood Reviews 46 (2021) 100733

3

high affinity receptor for collagen [17–20]. As a result, α2β1 activation 
supports firm adhesion of activated platelets to collagen and triggers a 
weak outside-in signal transduction [21,22]. Under high shear condi
tions, this α2β1 is essential for the compact thrombus formation and its 
resistance to shear [23,24]. Together, α2β1 and GPVI synergistically 
stimulate Ca2+ signaling, phosphatidylserine (PS) exposure, granule 
secretion and aggregation [14,20]. However, deficiencies of one of these 
receptors results only in a mild bleeding disorder, suggesting that these 
receptors can replace each other (Fig. 1 part 2). 

On resting platelets, the most abundant platelet membrane receptor 
αIIbβ3 is in a so-called closed conformation with a low affinity for its 
ligands VWF, fibronectin and fibrinogen. Upon platelet activation, 
inside-out signaling drives a conformational change in αIIbβ3 resulting 
in a high affinity, ‘open’ conformation [25–27]. Subsequently, because 
of the multiple binding sites for αIIbβ3, fibrinogen and VWF can form 
bridges between platelets. Binding to αIIbβ3 results in outside-in 
signaling and, through the involvement of Src family kinases and Syk, 
in irreversible platelet aggregation and clot retraction [28–32]. 
Furthermore, granule secretion following platelet activation increases 
the number of αIIbβ3 on the platelet membrane which further increases 
the platelet-platelet interactions [1,33] (Fig. 1 part 2). 

Furthermore, to prevent unwanted activation of platelets under 
normal circumstances and to limit the hemostatic response at a site of 
vascular injury it is essential to have inhibitory mechanisms. Nitric oxide 
(NO), released from endothelial cells inhibits platelet aggregation 
through activation of soluble guanylyl cyclase (sGC) and a consequent 
upregulation of cGMP and activation of protein kinase G (PKG), 
resulting in phosphorylation of downstream proteins, reduction of Ca2+

levels, inhibition of integrins activation and of granule secretion 
[34,35]. In addition, prostacyclin (PGI2), synthesized in endothelial 
cells from arachidonic acid by COX-1 or COX-2 and prostacyclin syn
thase, binds to IP and stimulates membrane bound adenylyl cyclase 
which results in the increase of cAMP and activation of protein kinase A 
(PKA) [36–38]. Activated PKA phosphorylates many signal regulatory 
proteins, leading to the inhibition of cytoskeleton reorganization and of 
cytosolic Ca2+ elevation [39,40]. Also, endothelial CD39 (a ectonu
cleoside triphosphate diphosphohydrolase) prevents the further activa
tion and aggregation of platelets by hydrolyzing ADP, released from 
activated platelets, to AMP [41]. Mice deficient in CD39 have an 
increased thrombotic risk [42] (Fig. 1 part 3). 

2. The role of coagulation in haemostasis 

After a rupture in a blood vessel, blood is exposed to tissue factor 
(TF)-expressing cells present in the subendothelial tissue (such as 
smooth muscle cells) or the extracellular matrix (such as fibroblasts). 
Circulating activated FVIIa binds to TF to form the FVIIa-TF complex 
(extrinsic coagulation, initiation phase)) that activates FIX and FX. FXa 
can activate more FVII to FVIIa, accelerating the start of coagulation. In 
the absence of cofactor FVa, FXa alone can produce trace amounts of 
thrombin from prothrombin that can : 1) activate FV and FVIII; 2) 
activate FXI which cleaves FIX to FIXa; 3) activate platelets via PAR-1 
and PAR-4 (amplification phase) [43,44]. Furthermore, it was recently 
reported that besides thrombin, FXa-mediated FV activation is of vital 
importance in facilitating rapid thrombin generation in the initiation 
phase of coagulation (Fig. 1 part 1) [45]. After FIX and FVIII activation, 
the formed tenase complex (FIXa-FVIIIa) converts FX to FXa. Subse
quently, the formation of the prothrombinase complex (FXa-FVa) leads 
to a burst of thrombin which can cleave fibrinogen to fibrin, which 
stabilizes the thrombus (propagation phase). Ca2+ is essential for as
sembly of the tenase and prothrombinase complexes to anionic phos
pholipids (PS) exposed on activated platelets and recently, it was 
reported that these complexes concentrate in cap regions of balloon-like 
procoagulant platelets [46] (Fig. 1 part 2). 

In the intrinsic pathway, FXII is autoactivated following binding to 
artificial or biologic surfaces. High-molecular-weight kininogen 

(HMWK) and prekallikrein facilitate the FXIIa activation which in turn 
activates FXI. Of note, binding of FXI to polyP appears to be integral to 
the mechanism for enhancement of FXI activation [47,48]. Also, FVa 
was described as a cofactor for thrombin induced FXI activation by Maas 
et al. [49], however, this could not be confirmed by Matafonov et al. 
[50]. It was assumed that the intrinsic pathway is much less important to 
haemostasis under normal physiological conditions than the extrinsic 
pathway. However, there is renewed interest in FXII as (1) collagen, 
nucleic acids and PolyP were introduced as triggers for FXII autoacti
vation [51–53], (2) FXII deficiency is not associated with bleeding but 
reduces thrombosis risk [54,55], and (3) pharmacologic targeting FXII 
or FXIIa provides protection from thrombosis without increased inci
dence of bleeding [56,57] (Fig. 1 part 1). 

Furthermore, it is also essential to localize clot formation at the site 
of injury and prevent the formation of clots in healthy vessels. Anti
thrombin (AT), an important SERPIN present in human plasma, forms 
stable complexes with predominantly thrombin and FXa, but also to 
some extent with FIXa, FXIa, FXIIa and Kallikrein, and subsequently the 
inactivated enzyme-serpin complex will be cleared [43]. Heparin can 
accelerate this inactivation of coagulation factors by AT [58]. Similar to 
AT, Heparin cofactor II inhibits thrombin (but no other serine proteases) 
in the presence of polyanionic molecules such as heparins and dermatan 
sulfate [59]. In addition, alpha-2-Macroglobulin (α2M) entraps 
thrombin and prevents activation of other coagulation factors. Another 
important anticoagulant system is the Protein C axis. Protein C circu
lating in blood is activated by thrombin bound to thrombomodulin (TM) 
on the endothelial surface. Activated protein C (APC), associated with its 
cofactor protein S that is bound to the surface of activated platelets, 
inactivates FVa and FVIIIa. In large blood vessels, the endothelial pro
tein C receptor (EPCR) supports protein C activation by localizing pro
tein C to the endothelial cell surface and presenting it to the nearby 
thrombin-TM complex. Furthermore, tissue factor pathway inhibitors 
(TFPI), a kunitz-type inhibitor that is present in platelets, on the endo
thelial cell surface and in plasma, binds to the active site of FXa and 
inhibits its activity. Subsequently the TFPI-FXa complex interacts with 
the TF-FVIIa complex thereby inhibiting its activity. Protein S, which 
exists both in plasma and platelet α-granules [60], is a cofactor of TFPI 
by promoting the interaction between full-length TFPI and FXa [61]. 
Moreover, a short form of FV prolongs the half-life of TFPI in the cir
culation and is important as a chaperone for the most active forms of 
TFPI [62,63] (Fig. 1 part 3). 

3. The complexity in platelet-based coagulation 

Although platelet plug formation and coagulation are also called 
primary and secondary haemostasis, respectively, these two processes 
are initiated simultaneously when blood vessel injury occurs, which 
means that these two processes are communicating with each other 
mutually during the whole coagulation process. In the beginning, 
coagulation factors share (or compete for) membrane receptors (or 
binding sites) on resting platelets. Once platelets are activated, platelets 
will provide more binding sites with higher affinity to the activated 
coagulation factors than to the not-activated coagulation factors 
[64–68]. 

Heterogeneity in thrombus composition is promoted by extrinsic 
(environmental factors such as blood flow dynamics, vascular environ
ment and local availability of platelet agonists), and by intrinsic (platelet 
size, volume and age, platelet levels of membrane receptors, and levels 
of cytoplasmic, granular and cytoskeletal proteins and platelet) platelet- 
specific factors [69]. Procoagulant platelets, exposed to collagen and 
strongly expressing PS on their surface, serve to sustain the procoagulant 
response by concentrating coagulation factors and protecting them from 
inactivation/inhibition [70]. In the initial phase of coagulation, it is now 
believed that trace amounts of FIXa and FXIa formed play very impor
tant roles by diffusing from one surface to another. The initial FIXa 
formed by TF/FVIIa complex can diffuse to the platelet surface, because 
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FIXa is not rapidly inhibited by AT or other plasma protease inhibitors 
[71]. The only relevant binding site known for FIX and FIXa on the 
platelet membrane is PS, and they share 300 low-affinity binding sites 
on thrombin-activated platelets which can be replaced partly by pro
thrombin and FX [66]. However, in the presence of FVIII and FX, FIXa 
binds to ~250 additional high affinity binding sites and the affinity 
increases 5-fold [66]. Coated platelets, formed after combined stimula
tion with collagen and thrombin, also express PS on their surface and 
they retain α-granule derived factors like FV, fibrinogen and thrombo
spondin on their surface [69,72]. In the alpha granules, FV is stored in 
complex with the protein multimerin and this platelet derived FV ac
counts for approximately 20% of the total body pool of FV. In contrast to 
plasma FV, platelet FV, secreted upon platelet stimulation, is partially 
activated, exhibiting substantial cofactor activity that is increased two- 
to-three-fold following activation by thrombin or FXa. Moreover, 
platelet derived FVa is thought to be (GPI)-anchored and is two to 
threefold more resistant to APC-catalyzed inactivation [73–75]. Inter
estingly, platelets also contain FIX, both in alpha granules and diffusely 
in the platelet cytoplasm and membrane-bounded vesicles, which can be 
released upon activation [76]. Although the physiological importance of 
this small amount of FIX is unknown, it may be significant since only a 
few percent of normal FIX levels are required to support haemostasis. 
Furthermore, whether or not platelets contain or express FXI is relatively 
uncertain [77–80], however, recently Zucker et al. reported the presence 
of FXI in platelet granules and FXI pre-mRNA that is spliced upon 
platelet activation [81]. Coated platelets may also retain larger amounts 
of fibrin and FVII, FIX and FX [69,72]. However, recent data suggest that 
FVIII also binds to less-activated platelets (stimulated with thrombin 
alone, PS exposure below threshold), and this binding is mediated by 
fibrin bound to αIIbβ3 [82–84]. Aggregated platelets with active αIIbβ3 
on their surface, are proposed to be responsible for contracting and 
retracting the clot by interacting with fibrin [85,86]. 

The macrocirculation differs from the microcirculation in vessel wall 
structure and local hemodynamics [87,88]. However, in both cases there 
was heterogeneity in the gradient of platelet activation (with a shell of 
activated, but still P-selectin negative, platelets overlying a core of P- 
selectin positive platelets), close packaging of the platelets, and the 
asymmetric distribution of fibrin towards the extravascular side of the 
plug. Thrombi formed in femoral artery were considerably larger than 
those required to achieve hemostasis in the arterioles, but a smaller 
proportion became P-selectin positive. Furthermore, in the microcircu
lation where flow rates are slower and the vessel wall thinner, hemo
static thrombi tend to project into the vessel lumen. As the vessel wall 
grows thicker, not only is TF further away from the lumen, but any 
thrombin formed has a greater distance to diffuse in the tortuous path 
produced by the narrowing gaps between adjoining platelets. Platelets 
in the core of the thrombus contact with each other more closely and 
also release more active content from their granules. This is important 
because when a thrombus tears apart due to high shear forces, the 
released polyP of the platelets comes into contact with the circulating 
blood. Platelet-derived polyP accelerates FV activation, abrogates TFPI 
activity, enhances fibrin clot structure, and promotes FXI back- 
activation by thrombin [89] (Fig. 1). It was also proposed that FXII 
activation is caused by polyP from platelets [90], however, because 
medium-chain platelet-derived polyP is thousands of times less potent 
than very long-chain polyP in triggering the contact pathway the 
physiologically relevance is questioned [89,91]. Interestingly, the 
membrane-associated polyP largely exceeds the polymer size of platelet- 
derived polyP, and may play a role in FXII activation [92]. 

In the later stage of coagulation, anticoagulants proteins released 
from platelets contribute to restrain excessive coagulation. TFPIα can be 
produced by megakaryocytes and the platelet TFPIα pool exclusively 
consist of full-length TFPIα that might be localized in multivesicular 
bodies or exosomes of platelets instead of α-granules or lysosomes [93]. 
Platelet TFPIα is slowly released upon activation and can be secreted as a 
soluble protein [94] or it can bind to the membrane of coated platelets 

[95]. At the site of vascular injury, local TFPIα concentrations might 
increase through the release of TFPIα from accumulating platelets 
within the thrombus and it was speculated that platelet TFPIα is 
important to prevent systemic coagulation and thrombosis and restrict 
thrombus formation to the site of the growing platelet plug [96]. 
Furthermore, platelet protein S can directly bind to stimulated platelets 
and decease thrombin and FXa generation in an APC /TFPI-independent 
way [97] (Fig. 1 part 3). 

Platelets also harbor a major inhibitor of the contact activation sys
tem, C1-inhibitor (C1-INH) as well as fibrinolytic proteases in their 
α-granules [98–101]. Although platelet-derived C1-INH accounts for 
only 0.08% of the total circulation pool, this does not preclude an 
important inhibitory role, as local concentrations within thrombi may be 
high and plasma-derived C1-INH may not have the capacity to penetrate 
to the thrombus core [102]. However, at arterial thrombi filtration ve
locities, the released C1-INH may be rapidly washed out from platelet 
aggregates which results in the increase of FXIIa prothrombotic activity. 
This might explain the more important role of FXIIa in arterial throm
bosis than in haemostasis [103] (Fig. 1 part 3). Finally, α-granules of 
platelets also contain SERPINs protease nexin I and II (PN1 and PN2), 
both released during platelet activation [104,105]. PN1 negatively 
regulates coagulation and fibrinolysis by inactivating thrombin and 
fibrinolytic proteases [105,106]. PN2 inhibits FXIa via its kunitz pro
tease inhibitor domain [107], and heparin can accelerate this inhibition 
[108]. However, FXIa bound to its receptors on activated platelets is 
completely protected from inactivation by PN2 [67,109] (Fig. 1 part 3). 

4. Interaction between coagulation factors and platelet 
receptors 

Coagulation factors interact with platelets by binding to platelet 
receptors directly or indirectly or by cleaving of the platelet receptors 
(Fig. 2). Thrombin (α-thrombin) is one of the most potent physiological 
agonists of platelets and activates platelets by either proteolytic 
(cleavage of PAR-1 and PAR-4 [110,111] or GPV [112]) or non- 
proteolytic (signaling via binding to GPIbα [113]) mechanisms. PAR-1 
(~ 2500 copies per platelet) is the high-affinity thrombin receptor 
responding to nanomolar concentrations of thrombin which results in a 
transient calcium signal. In contrast, PAR-4 has a low-affinity for 
thrombin, however, activation of PAR-4 results in a more sustained Ca2+

response. Sub-nanomolar levels of thrombin can also bind a high-affinity 
binding site (residues 269-287 region) of GPIbα [114–117]. The number 
of GPIb-complexes with high-affinity binding sites for thrombin is about 
1000 [118], which is less than 5% of the total GPIb copies (~25,000) on 
the platelet membrane [119]. The role of GPIb-IX-V in thrombin- 
induced platelet activation remains poorly understood. Whereas some 
proposed that GPIb-IX-V serves as a dock that facilitates thrombin 
cleavage of PAR receptors [117], others suggested that binding induces 
platelet activation independent of PARs [113]. Recent research, how
ever, indicated that the mutual cooperativity between thrombin- 
induced GPIb-IX-V signaling and PAR signaling is required for optimal 
platelet response to low concentrations of thrombin [120]. Furthermore, 
prothrombin binds to non-activated αIIbβ3 on resting platelets [121], 
and this binding accelerates activation of prothrombin by FXa or FXa- 
FVa, which might be pivotal for the initial platelet-based thrombin 
generation. 

Once the first layer of platelets forms at the vascular injury site, the 
recruitment of more platelets to the growing thrombus relies on the 
formation of fibrinogen bridges. Initially, the integrin αIIbβ3 resides in a 
low-affinity state, however, inside-out signaling drives a conformational 
change resulting in binding of fibrinogen, fibrin and other proteins. 
Bridging of fibrinogen between αIIbβ3 on adjacent platelets results in 
platelet aggregation. Individual activated αIIbβ3 molecules also attach 
to fibrin fibers such that aggregated platelets are major components of 
haemostatic clots. αIIbβ3 binds to different sites on fibrin and fibrinogen 
[122,123], and the mechanical stability is different for the αIIbβ3-ligand 
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complexes (fibrin polymer > fibrin monomer > fibrinogen) [124]. 
Furthermore, platelet adhesion and spreading on FXIIIa occur through 
fibrinogen independent binding of αIIbβ3 and αVβ3 [125]. More 
recently it was also demonstrated that the zymogen FXIII interacts with 
platelets, however, strong platelet stimulation, fibrinogen and αIIbβ3 
play essential roles in this interaction [126]. 

Besides αIIbβ3, GPVI has been identified as a receptor for fibrinogen 
and fibrin and this interaction induces signaling that supports thrombus 
formation and stabilization [127,128]. However, contrasting observa
tions have been reported on whether fibrin binds to monomeric or 
dimeric GPVI or to neither form [129–131]. In addition, polymerized 
fibrin interacts, not directly but with VWF as a linker, with GPIb 
[132–134]. In this way, fibrin fibers formed on the thrombus surface 
serve as a scaffold for binding of coagulation factors and stimulate 
thrombus formation [135–137]. 

HMWK can bind GPIb-IX-V on unstimulated platelets in a Zn2+- 
dependent manner [138,139], however, precise binding sites remain to 
be defined since both anti-GPIb and anti-GPIX antibodies block HMWK 
binding [140]. HMWK and FXIIa compete with thrombin for binding to 
GPIb-IX-V and in this way they can inhibit thrombin-induced platelet 
aggregation [140,141]. PAR-4 is also involved in FXIIa inhibition of 
thrombin activation of platelets but only at high concentrations [141]. 
Another coagulation factor interacting with GPIbα in Zn2+-dependent 
manner is the homodimer FXI that circulates in plasma in a complex 
with HMWK [142]. More in detail, the apple-3 (A3) domain of FXI in
teracts with the leucine-rich repeats of GPIbα [143,144], leaving the 
other FXI monomer free for activation by thrombin [145–147]. 
Although HMWK is required for optimal FXI binding to GPIbα on acti
vated platelets in suspension, FXI binding to platelets under flow is not 
enhanced by HMWK [146,148]. Furthermore, FXI binding to platelets is 
also mediated in part by an interaction with apolipoprotein E receptor 2 
(ApoER2, or LRP8) [146,147], and since ApoER2 colocalizes with GPIbα 
it appears that one FXI homodimer binds simultaneously to both re
ceptors to mediate shear-dependent interactions [146]. 

Immobilized protein C or APC also mediate platelet binding and 
activation signaling through ApoER2 and GPIbα under shear conditions 
[149]. The ability of platelets to bind APC might imply a dual role in 
haemostasis: stimulating platelet activation and limiting thrombus 
growth by localizing the anticoagulant role of the protein C system. 

Another example of cross-talk between platelet receptors and coag
ulation is the induction of platelet GPVI shedding by FXa in a 
metalloproteinase-dependent mechanism in the absence of GPVI ligands 
and this results in down-regulation of GPVI under procoagulant condi
tions [150]. 

5. Bleeding and the interplay between platelets and coagulation 

Balanced platelet function and coagulation are crucial for stable 
blood circulation. If one of the factors involved is not functioning, this 
will lead to impaired haemostasis, which can clinically express as 
bleeding complications. Abnormalities in GPIb (Bernard-Soulier syn
drome (BSS) caused by mutations within GPIBA, GPIBB and GP9) and 
αIIbβ3 (Glanzmann thrombasthenia (GT) caused by mutations in 
ITGA2B and ITGB3) expression on the platelet surface are associated 
with moderate to severe bleeding symptoms [151]. The impaired pro
thrombin consumption in BSS patient can be corrected by the addition of 
human FVIII or FVIII-VWF, which might indicate the essential role of 
FVIII/VWF-GPIb interaction in the activation of coagulation [152]. In 
GT, abnormal αIIbβ3 expression results in defective clot retraction due 
to decreased fibrinogen endocytosis and subsequently decreased binding 
of fibrinogen to platelets. Both patients with BSS and GT receive good 
clinical efficacy with recombinant FVIIa (rFVIIa) treatment [151]. The 
exact working mechanism of rFVIIa is still under debate and the 
enhancement of thrombin generation was explained by (1) a TF- 
dependent mechanism where rFVIIa competes with circulation FVII 
zymogen for TF binding and (2) a TF-independent mechanism where 
rFVIIa binds to anionic phospholipids, GPIbα or EPCR expressed on 
activated platelets to localize rFVIIa to the surface of activated platelets 
[153–158]. rFVIIa can also be used to treat patients with hemophilia. 
Furthermore, there is a long list of Familial thrombocytopathies 
(reviewed by Nurden et al. [159,160]), including genetic variation 
affecting platelet adhesion (platelet-type von Willebrand disease 
(GP1BA) and GPVI deficiency (GP6)), the secondary platelet activation 
response (P2Y12 ADP receptor deficiency (P2YR12) and thromboxane 
A2 receptor deficiency (TBXA2R)), signaling pathways (thromboxane A 
synthase (TBXAS1) and cytosolic phospholipase A2 (PLA2G4A)) and the 
procoagulant activity of platelets (Scott Syndrome (ANO6)). Other 
inherited defects of platelet function are caused by genetic variants 

Fig. 2. Interaction of (anti)coagulation factors with key platelet membrane receptors. Coagulation factors interact with platelets by cleaving (red lines) the receptor 
directly (solid line) or indirectly (dashed line), or by binding (green line) to their respective receptors. 
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affecting granule secretion, such as Hermanski-Pudlack (HPS1, AP3B1, 
HPS3-6, DTNBP1, BLOC1S3, BLOC1S6), Chediak-Higashi syndrome 
(LYST), Familial hemophagocytic lymphohistiocytosis types 3-5, Grey 
platelet syndrome (UNC13D, STX11, STXBP2), Arthrogryposis-renal 
dysfunction-cholestasis syndrome (VPS33B, VIPAS39) and Quebec 
platelet syndrome (PLAU). A genetic defect in the NBEAL2 gene is 
responsible for lack of alpha-granule synthesis, which is known as Gray- 
platelet syndrome. In addition to inherited thrombocytopathies, there 
are also several familial thrombocytopenias (FT), including defects in 
transcription factor defects (GATA1 and FOG1) [161] or variants in 
genes giving reduced expression of proteins (MYL9, PKC and ALOX12) 
[162]. Furthermore, variation in the MYH9 and in the FLNA gene leads 
to cytoskeleton defects and hence macro-thrombocytopenia [163,164]. 
Other forms of familial thrombocytopenia are X-linked Wiskott-Aldrich 
syndrome [165], in which the actin polymerization is affected or a ge
netic variant in ANKRD26, affecting the mitochondrial metabolism 
[166]. The most obvious platelet defect affecting coagulation is the Scott 
syndrome. This is a rare inherited bleeding disorder of Ca2+-induced 
membrane phospholipid scrambling resulting in impaired prothrombin 
and FX activation due to decreased binding sites for FVa, FVIIIa, FIXa 
and FXa [167–169]. The disease is caused by mutations in ANO6 
(anoctamin 6, also known as TMEM16F) that encodes transmembrane 
protein 16F (TMEM16F), a phospholipid scramblase that is vital for 
Ca2+-dependent PS exposure on cell surfaces, and this could explain part 
of the molecular mechanism in Scott patients [170]. However, recently, 
a TMEM16F-independent pathway which results in collagen/thrombin- 
induced PS exposure was discovered [168,171,172]. Patients with Scott 
syndrome are treated with platelet transfusions. Another platelet defect 
that affects coagulation is the autosomal dominant Quebec platelet 
disorder (QPD). QPD is caused by a tandem duplication of a 78 kb 
genomic segment that includes the PLAU gene, leading to over
expression of urokinase-type plasminogen activator (uPA) [173]. 
Bleeding is the result of hyperfibrinolysis in the vicinity of platelets 
caused by increased activation of plasminogen (which is also present 
within the α-granules) to plasmin. Interestingly, the formed plasmin can 
also degrade intraplatelet stores of FV, multimerin 1, thrombospondin 1, 
VWF, fibrinogen, fibronectin, osteonectin and P-selectin [173,174]. 

Well known coagulation disorders are hemophilia A (FVIII defi
ciency), hemophilia B (FIX deficiency) and von Willebrand disease. The 
significant role of platelets in coagulation was shown when measuring 
thrombin generation (TG) in plasma of VWD3 patients (absent VWF in 
plasma, platelet and endothelial cells) [175]. Although TG was mark
edly impaired in the plasma of VWD3 patients, it was close to normal in 
the presence of platelets [176]. The importance of platelets in coagu
lation is also clear in congenital FV deficiency (Owren parahemophilia), 
a rare bleeding disorder (the incidence is 1:1.000.000) inherited in an 
autosomal recessive trait [177]. In contrast to hemophilia A/B which is 
usually associated with mild to severe bleeding, people with severe FV 
deficiency only experience mild to moderate bleeding [178]. This might 
partly be explained by the existence of functional platelet FV that sup
ports enough thrombin generation to rescue patients with undetectable 
plasma FV from fatal hemorrhage [179]. Moreover, patients with a FV 
deficiency have low circulating levels of TFPIα because FV short pro
longs the lifetime of TFPI in the circulation. 

Despite of these new insights, there is still a paradox that the gold 
standard platelet function tests and plasma coagulation tests fail to give 
sufficient insight, and many bleeding complications remain 
undiagnosed. 

6. Thrombosis and the interplay between platelets and 
coagulation 

Arterial thrombosis, manifesting as myocardial infarction or 
ischaemic stroke, arises from an atherosclerotic plaque disruption (high 
shear) that triggers platelet aggregation and activation of coagulation 
and is characterized by platelet rich thrombi that obstruct blood flow. 

The causal relationship between platelet hyper reactivity and arterial 
thrombosis has been established in large clinical trials, and four main 
classes of drugs are currently used clinically, either alone or in combi
nation: P2Y12 antagonists, COX-1-inhibitors (aspirin), PAR-1 antago
nists and αIIbβ3 inhibitors [180,181]. However, this strategy also results 
in an increased risk of hemorrhagic complications. New antiplatelet 
drug such as inhibitors of phosphatidylinositol 3-kinase-β, protein 
disulfide-isomerase, activated αIIbβ3, αIIbβ3 outside-in signaling, 
protease-activated receptors and GPVI-mediated adhesion pathways 
may pave the way to safer therapies causing minimal perturbation of 
haemostasis [181,182]. Also recently, targeting components of the 
intrinsic coagulation pathway (FXI, FXII and PKK) are considered as 
possible strategies to reduce arterial thrombosis without increasing the 
bleeding risk [183]. 

Venous thromboembolism (VTE), including deep vein thrombosis 
(DVT) and pulmonary lung embolism (PE), arises where shear is low and 
venous thrombi contain fewer platelets and more fibrin than arterial 
thrombi. In general, the concentration and function of hemostatic pro
teins are considered as the main determinants of venous thrombotic risk. 
Multiple inherited thrombophilic defects, including the factor V Leiden 
(FVL) and prothrombin G20210A (PT20210A) mutations, along with 
deficiencies of AT, PC, and PS were discovered that can increase the 
thrombotic risk. Conclusive evidence for causal involvement of hyper 
coagulation in venous thrombosis has been delivered by large clinical 
trials which showed that inhibition of the coagulation pathways with 
heparins, vitamin K antagonists or with direct anti-coagulants (DOACs) 
will prevent many venous thrombotic incidents [184]. Despite this 
conclusive evidence, there is still a missing link that needs to be solved: 
none of the gold standard coagulation tests gives sufficient insight in the 
haemostasis to predict a high thrombosis risk in healthy subjects or in 
clinical populations. Indeed, in the most current view, stasis of blood 
and the accompanying low oxygen tension (in particular downstream of 
a venous valve), activation of the endothelium, activation of innate 
immunity (involving monocytes and neutrophils and platelets), activa
tion of platelets, concentration and nature of microparticles also play a 
role in the formation of a venous thrombotic complication [44]. 

Thus, although platelets are widely accepted to play a crucial role in 
arterial thrombosis, there is increasing evidence that platelets also have 
a role in the formation of venous thrombi [185,186]. In contrast to 
arterial thrombosis, where platelets form large aggregates [187], in 
DVT, platelets are mainly recruited as single cells and adhere either 
directly to the activated endothelium or to adherent leukocytes forming 
small heterotypic aggregates [185]. Platelet recruitment to the venous 
thrombus depends on the interaction between GPIbα and endothelial 
surface exposed VWF and deficiency in either GPIbα or VWF prevents 
experimental DVT [185,188]. Additionally, recruitment also depends on 
binding of platelet CLEC-2 to podoplanin, a mucin-type transmembrane 
protein expressed in the middle and external layers of the venous wall 
[189,190]. Interestingly, it has been proposed that hypoxia-induced 
activation of the endothelial cells renders endothelial cell-cell junc
tions looser, allowing for platelet penetration into subendothelial spaces 
where the interaction between CLEC-2 and podoplanin may take place 
[189]. Furthermore, platelets recruited to the venous wall may release 
high-mobility group box 1 (HMGB1) that can induce NETosis (formation 
of neutrophil extracellular traps), resulting in a scaffold for adhering 
platelets and red blood cells and promoting thrombin generation and 
fibrin deposition [190–192]. Not surprisingly, recent studies found that 
aspirin reduces DVT in mice and VTE in patients undergoing orthopedic 
surgery [193–195]. 

7. Impact of platelet-coagulation interplay in clinical disorders 

There are several clinical conditions with a high prevalence of 
thrombosis, including cancer [196,197], systemic inflammation 
(including sepsis) [198], antiphospholipid syndrome (APS) [199], im
mune thrombocytopenia (ITP) [200], trauma [201], stent implantation 
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[202], blood transfusion [203], liver disease [204], thrombotic micro
angiopathies (TTP, HUS, HELLP) [205], heparin induced thrombocyto
penia (HIT) [206], malaria [207], SARS-CoV-2 (COVID-19) induced 
infection [208] and many other diseases. All these disorders have a- 
typical thrombosis, which are not clearly definable with the available 
coagulation tests or with the available platelet function tests. The 
interplay between platelets and coagulation could be an important 
factor because many of these disorders combine thrombocytopenia with 
prolonged coagulation times but they still have an increased thrombotic 
risk. 

Many functional and structural properties of platelets in combination 
with the evolution of these cells indicate that platelets belong to the 
family of innate immune cells [209,210]. Platelets contain many cyto
kines and chemokines which they secrete after activation. Moreover, 
they express a number of toll-like receptors (TLR2, TLR3, TLR4, TLR7 
and TLR9), and GPIb and GPIX are also members of this TLR super
family. Through these receptors, platelets can recognize different 
pathogens such as bacteria, viruses, parasites and fungi. Thrombocyto
penia is therefore common in infections and the cause of these drop in 
numbers is partly explained by increased platelet consumption. 
Although, the real cause of the high thrombosis risk in many inflam
matory diseases with thrombocytopenia remain to be established, it can 
be speculated that the platelets of these patients are chronically exposed 
to (auto)inflammatory triggers, leading to a chronic pre-activation state 
of the platelets. This chronic activation state of platelets may lead to a 
reduced lifespan because the platelets may lose their granule contents 
and become more pro-coagulant than platelets of healthy subjects. High 
numbers of pro-coagulant platelets predispose to a high risk of throm
bosis and to thrombocytopenia disorders, because pro-coagulant plate
lets are more rapidly removed from the body mainly by macrophages in 
the spleen. Moreover, the endothelial cells of the vessel wall will also 
respond on the released cytokines and will lose some of their antith
rombotic functions such as a drop in thrombomodulin expression. A 
major complexity of this hypothesis is that there are no reliable tests in 
the clinical diagnostic settings to measure the interplay between plate
lets and coagulation since validated coagulation tests (e.g. PT, APTT and 
thrombin generation) are done in plasma in the absence of platelets, 
while platelet function testing is done in anti-coagulated blood. Global 
tests such as TEG and ROTEM have too many shortcomings to be a 
serious candidate for the measurement of the interplay between plate
lets and coagulation [211]. Recently, a novel whole blood thrombin 
generation test (WB-TG) was developed that theoretically should give a 
precise insight in the interplay between platelets and coagulation, but 
the test needs to be clinically validated before real studies on the 
interplay between platelets and coagulation can be initiated [212]. 

Patients with malignancies have a high incidence of venous throm
bosis with a 7-fold and 28-fold elevated risk of venous thromboembo
lism (VTE) with the highest incidence in pancreatic cancers and lung 
cancers [196,197]. As a result, venous thrombo-embolic complications 
are the second most important cause of death in cancer. Despite many 
speculations, the definitive answer to the cause of the high incidence of 
venous thrombosis in cancer has not been established. Tumor cells 
possess the capacity to interact with the haemostatic system in multiple 
ways, including the production of haemostatic proteins (e.g. TF, 
thrombin), activation of platelets and the direct adhesion of tumor cells 
to normal cells, including platelets, endothelial cells and monocytes 
[213,214]. The interplay between plasma coagulants and blood cells are 
crucial in this process for the formation of thrombi and future investi
gation studying the interaction between platelets and coagulation may 
give further insight in the pathophysiology of thrombosis in cancer. 

Similar to cancers, VTE is a common complication in infectious and 
inflammatory disorders, including sepsis [198]. Systemic inflammation 
is a potent prothrombotic stimulus because it upregulates procoagulant 
factors, downregulates natural anticoagulants and inhibits fibrinolytic 
activity [215]. In addition to modulating plasma coagulation mecha
nisms, inflammatory mediators increase platelet reactivity. The far 

majority of studies on the procoagulant state and on platelet hyper- 
responsiveness have been performed in separate test models and did 
not measure the effects of inflammation on the interplay between 
platelets and coagulation and this may result in an underestimation of 
the thrombotic risk. 

Both in cancer and in inflammatory disorders the venous thrombosis 
risk is high, despite a high prevalence of thrombocytopenia. Initially, 
this seems paradoxical because there are less platelets available to 
support the coagulation. However, there is a common link between 
thrombocytopenia and thrombosis pathophysiology in patients with 
cancer and in inflammatory disorders. Both processes depend on the 
activated surface of platelets. During cancer progression or inflamma
tory triggers, platelets become activated, release part of their granule 
contents and express P-selectin and eventually negatively charged 
phosphatidyl serine on their surface. These platelets are procoagulant, 
however, they are also rapidly removed from the circulation by mono
cytes in the spleen. The exposure to procoagulant surfaces and the rapid 
removal of platelets explains the relation between thrombosis and 
thrombocytopenia related disorders. This theory explains the high 
incidence of cancer and inflammatory related thrombosis due to path
ophysiological modifications of the blood cells and not by modifications 
of coagulation factors in the blood plasma. 

Several global haemostasis tests have been proposed to study the 
interplay between platelets and coagulation, including bleeding time 
(obsolete), Global Thrombosis Test (GTT), Thromboelastography (TEG), 
platelet mapping system and Rotational Thromboelastometry (ROTEM) 
[216] and clot waveform analysis (CWA) [217]. Although these global 
tests provide more information than assays measuring platelet function 
and coagulation separately, a major limitation of these tests is that they 
lack the precision for a reliable haemostasis test, as they are poorly 
associated with coagulation deficiencies and platelet function defects. 
The capacity to detect coagulation defects or platelet function defects is 
a minimal requirement for a haemostasis test. This may also explain the 
disappointing relationship between TEG/ROTEM with thrombotic dis
orders. Although it is still in its infancy, thrombin generation in platelet 
rich plasma or in whole blood seems to be a more promising approach to 
study the interplay between coagulation and platelet function, although 
the real validation of this test in relation to thrombotic disorders remains 
to be performed [218]. 

8. Conclusion 

The complex interplay between platelets and the coagulation system 
has been underestimated for many decades. Although the awareness 
that many steps in platelet thrombus formation are closely connected to 
the different stages of thrombin formation and physiological coagulation 
is completely dependent on the expression of procoagulant surfaces, the 
expression or activation of specific receptors on platelets and the de
livery of FV, there are still no accessible tools to study the interplay 
between platelets and coagulation in clinical research. Many disease- 
and therapy-related thrombotic events are induced by damaged or 
affected blood cells rather than by changes in coagulation factors. This 
may explain the lack of associations between plasma coagulation tests 
and thrombotic incidents. There are no dedicated tools to study blood 
cell-mediated thrombotic risk in clinical studies, despite viscoelastic 
tests, such as TEG and ROTEM. The disadvantage of viscoelastic tests is 
that they are too a-specific to be a serious alternative for plasma coag
ulation tests or platelet function tests. Our group recently developed a 
whole blood thrombin generation test that shows good correlations with 
plasma thrombin generation tests, with platelet numbers and with the 
use of different platelet inhibitors [212]. Although the WB-TG seems to 
be the first serious method to study involvement of blood cells in 
thrombosis, the technique is in its infancy. Many clinical validation 
studies are required before serious conclusions can be drawn regarding 
the additional value for WB-TG as tool to measure the interplay between 
blood cells and coagulation. 
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9. Future considerations 

We recommend studying thrombotic risk with whole blood coagu
lation and whole blood platelet function tests, if possible, in the absence 
of anticoagulants. Whole blood thrombin generation may be a step 
forward for research to study the interaction between blood cells and the 
coagulation cascade in cancer and inflammation induced thrombosis, 
although it will only give partial insights in the thrombosis 
pathophysiology. 

Practice Points 

- Thanks to the interplay between platelets and coagulation, haemo
stasis is far more effective than the two processes separately.  

- Current diagnostic tests are incapable of measuring the interactions 
between platelets and coagulation and this may lead to underdiag
nosis or overdiagnosis of defects.  

- The importance of the interplay between platelets and coagulation 
may be underestimated in clinical conditions with high prevalence of 
thrombosis, including cancer, systemic inflammation, and others. 

Research Agenda 

- Development of diagnostic tests that can measure platelets, coagu
lation, and the interplay.  

- Studying the interplay between platelets and coagulation can be used 
to screen for patients with bleeding or for the prediction of the 
thrombotic risk or the recurrence of thrombosis. 
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Factor XI interacts with the leucine-rich repeats of Glycoprotein Ibα on the 
activated platelet. J. Biol. Chem. 2004;279:49323–9. 

[145] Ho DH, Badellino K, Baglia FA, Sun M-F, Zhao M-M, Gailani D, et al. The Role of 
High Molecular Weight Kininogen and Prothrombin as Cofactors in the Binding of 
Factor XI A3 Domain to the Platelet Surface. J. Biol. Chem. 2000;275:25139–45. 

[146] White-Adams TC, Berny MA, Tucker EI, Gertz JM, Gailani D, Urbanus RT, et al. 
Identification of coagulation factor XI as a ligand for platelet apolipoprotein E 
receptor 2 (ApoER2). Arterioscler. Thromb. Vasc. Biol. 2009;29:1602–7. 

[147] Lisman T. Factor XI binding to platelets. Arterioscler. Thromb. Vasc. Biol. 2009; 
29:1409-10. 

[148] Emsley J, McEwan PA, Gailani D. Structure and function of factor XI. Blood. 2010; 
115:2569–77. 

[149] White TC, Berny MA, Tucher EI, Urbanus RT, De Groot PG, Fernandez JA, et al. 
Protein C supports platelet binding and activation under flow: role of glycoprotein 
Ib and apolipoprotein E receptor 2. J. Thromb. Haemost. 2008;6:995–1002. 

[150] Al-Tamimi M, Grigoriadis G, Tran H, Paul E, Servadei P, Berndt MC, et al. 
Coagulation-induced shedding of platelet glycoprotein VI mediated by factor Xa. 
Blood. 2011;117:3912–20. 

[151] Cattaneo M, Congenital Disorders of Platelet Function. In: A.D. Michelson (Editor). 
Platelets. 2013. pp. 1019-47. 

[152] Bellucci S, Girma JP, Lozano M, Meyer D, Caen JP. Impaired prothrombin 
consumption in Bernard-Soulier syndrome is corrected in vitro by human factor 
VIII. Thromb. Haemost. 1997;77:383–6. 

[153] Weeterings C, de Groot PG, Adelmeijer J, Lisman T. The glycoprotein Ib-IX-V 
complex contributes to tissue factor–independent thrombin generation by 
recombinant factor VIIa on the activated platelet surface. Blood. 2008;112: 
3227–33. 

[154] Lisman T, Adelmeuer J, Cauwenberghs S, Van Pampus ECM, Heemskerk JWM, De 
Groot PG. Recombinant factor VIIa enhances platelet adhesion and activation 
under flow conditions at normal and reduced platelet count. J. Thromb. Haemost. 
2005;3:742–51. 

[155] van’t Veer C, Golden NJ, Mann KG. Inhibition of thrombin generation by the 
zymogen factor VII: implications for the treatment of hemophilia A by factor VIIa. 
Blood. 2000;95:1330–5. 

[156] Butenas S, Brummel KE, Branda RF, Paradis SG, Mann KG. Mechanism of factor 
VIIa–dependent coagulation in hemophilia blood: Presented in part at the 42nd 
Annual Meeting of the American Society of Hematology, December 1-5, 2000, San 
Francisco. CA. Blood. 2002;99:923–30. 

[157] Monroe DM, Hoffman M, Oliver JA, Roberts HR. Platelet activity of high-dose 
factor VIIa is independent of tissue factor. Br. J. Haematol. 1997;99:542–7. 

[158] Fager AM and Hoffman M. Endothelial protein C receptor is expressed on 
procoagulant platelets and contributes to factor VIIa binding and activity. Blood. 
2014;124:4224-. 

[159] Nurden AT, Freson K, Seligsohn U. Inherited platelet disorders. Haemophilia. 
2012;18(Suppl. 4):154–60. 

[160] Nurden AT, Nurden P. Congenital platelet disorders and understanding of platelet 
function. Br. J. Haematol. 2014;165:165–78. 

[161] Millikan PD, Balamohan SM, Raskind WH, Kacena MA. Inherited 
thrombocytopenia due to GATA-1 mutations. Semin. Thromb. Hemost. 2011;37: 
682–9. 

[162] Kaur G, Jalagadugula G, Mao G, Rao AK. RUNX1/core binding factor A2 regulates 
platelet 12-lipoxygenase gene (ALOX12): studies in human RUNX1 
haplodeficiency. Blood. 2010;115:3128–35. 

[163] Balduini CL, Pecci A, Savoia A. Recent advances in the understanding and 
management of MYH9-related inherited thrombocytopenias. Br. J. Haematol. 
2011;154:161–74. 

[164] Nurden P, Debili N, Coupry I, Bryckaert M, Youlyouz-Marfak I, Solé G, et al. 
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